Cell-derived microparticles (MPs) are nano-sized vesicles released by activated cells in the extracellular milieu. They act as vectors of biological activity by carrying membrane-anchored and cytoplasmic constituents of the parental cells. Although detection and characterization of cell-derived MPs may be of high diagnostic and prognostic values in a number of human diseases, reliable measurement of their size, number and biological activity still remains challenging using currently available methods. In the present study, we developed a protocol to directly image and functionally characterize MPs using high-resolution laser-scanning confocal microscopy. Once trapped on annexin-V coated micro-wells, we developed several assays using fluorescent reporters to measure their size, detect membrane antigens and evaluate proteolytic activity (nano-zymography). In particular, we demonstrated the applicability and specificity of this method to detect antigens and proteolytic activities of tissue-type plasminogen activator (tPA), urokinase and plasmin at the surface of engineered MPs from transfected cell-lines. Furthermore, we were able to identify a subset of tPA-bearing fibrinolytic MPs using plasma samples from a cohort of ischemic stroke patients who received thrombolytic therapy and in an experimental model of thrombin-induced ischemic stroke in mice. Overall, this method is promising for functional characterization of cell-derived MPs.
Introduction
Cell-derived microparticles (MPs) are nano-sized vesicles released by virtually all eukaryotic cells after stimulation or apoptosis [1, 2] . They originate from the budding of the plasma membrane, leading to the formation of 100 nm to 1 µm vesicles with a double layered membrane of phospholipids that are released in body fluids (blood, cerebrospinal fluid, urine, tears and saliva) [1] . Since secreted MPs harbour proteins from their parental cell, they can be used as biomarkers of cellular activation, which are of high diagnostic and prognostic values in a number of human diseases [3, 4] . For instance, red-blood cells MPs predict severe clinical outcomes after dengue virus infection [5] , high plasmatic levels of leukocyte MPs are associated with unstable plaque in asymptomatic patients with high-grade carotid stenosis [6] and endothelial MPs are elevated in chronic obstructive pulmonary disease [7] . MPs are distinct from exosomes, another subtype of extracellular vesicles, with sizes ranging from 40 to 100 nm.
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Besides their interest as biomarkers, MPs are also active players in biological processes such as blood coagulation, cell-cell communications or immunity [8] [9] [10] . MPs are especially essential for spreading the activity of surface proteins which require membrane binding to exert their biological functions. In particular, cells expressing proteases or protease receptors on their surface are able to generate active and circulating proteolytic MPs [10] [11] [12] [13] . For instance, fibrinolytic MPs corresponding to urokinase (uPA) bearing MPs from leukocytes and tissue-type plasminogen activator (tPA) bearing MPs from endothelial cells have been described in patients presenting thrombotic thrombocytopenic purpura (TTP) [14] . Moreover, MPs bearing the endothelial protein C receptor (EPCR) have been reported in sepsis patients and are capable to acquire proteolytic activity upon activated protein C (APC) treatment [15, 16] . Proteolytic MPs play also an important role in cancer dissemination [17] . Notably, fractionation of malignant ascites revealed that extracellular matrix-degrading proteinases including matrix-metalloproteinases (MMPs) and uPA are localized preferentially in membrane vesicles. [18] Because of the suspected widespread implication of MPs in human pathophysiology, new methods allowing MPs characterization are awaited. Indeed, the detection of cell-derived MPs is made difficult by their small size, high concentration, low refractive index and heterogeneity [19] . Most studies used flow-cytometry to detect MPs after antibody and/or annexin-V labelling [20] . Although this method allows high-throughput detection of MPs in fluids, its ability to measure MP size, number and antigens remains limited and prone to false positives/negatives [21] . Other methods are available, such as electron microscopy, resistive pulse sensing or nanoparticle tracking analysis but are of limited availability, do not allow complete phenotypic characterization of MPs and often require extensive sample preparation. Moreover, there is no available method to measure the proteolytic activity of individual MPs.
With recent advances in optical imaging, fluorescence microscopy appears promising for MPs characterization, but its sensitivity to detect nano-sized vesicles is hampered by the rapid Brownian motion of MPs in fluids. The aim of the present study was to develop a method allowing labelling, immobilization, antigen detection and measurement of proteolytic activity of cell-derived MPs by high-resolution laser-scanning confocal microscopy (LSCM). We illustrated the potential uses of this method by studying fibrinolytic MPs from several cultured cell-lines and plasma from mice and ischemic stroke patients.
Methods

Chemicals
Plasmin fluorescent substrate came from SensoLyte AFC Plasmin Activity Assay Kit *Fluorimetric* (Anaspec) and tPA Spectrofluor 444FL substrate was from American Diagnostica (ADF Biomedical, Neuville-sur-oise, France). Hygromycin B, bovine thrombin, carboxyfluorescein succinidimyl ester (CFSE), EDTA and lipopolysaccharide (LPS 0111:B4) were from Sigma-Aldrich (L'Isle d'Abeau, France). Bovine fibrinogen used for fibrin-agar zymography came from Bovogen Labs (Australia). Plasminogen used for plasmin substrate activity studies was from Enzyme Research Laboratories (ERL, UK). Sc-uPA, purified from human cell lines, was from Biopool AB (UK). The uPA standards for fibrin-agar zymographies were obtained using ACTOSOLV® (Eumedica). Lipofectamine 2000, fetal bovine sera were from Invitrogen (Cergy Pontoise). tPA (Actilyse) was from Boehringer-Ingelheim (Paris, France). Human PAI-1 (N-terminal cysteine, active fraction) came from Gentaur. Sheep antiserum raised against human tPA was prepared at the national institute for agronomic research (INRA, Clermont-Theix, France). Tumor Necrosis Factor-α was purchased from PeproTech (Rocky Hill, NJ). Recombinant annexin-V came from Abcam (France). Aprotinin (Trasylol) was a gift from Bayer HealthCare AG.
Animals
Animals were maintained under specific pathogen-free conditions at the Centre Universitaire de Ressources Biologiques (CURB, Basse-Normandie, France) and all had free access to food and tap water before and after the procedures.
Acute systemic inflammation
Systemic inflammation was performed by intra-peritoneal (i.p.) injection of LPS from E. coli (2 mg/kg) in 8-week-old male tPA wt mice (Janvier, France). Control mice received an equivalent volume of saline. Blood sampling was performed 6 hours after LPS administration by intracardiac puncture under deep isoflurane anaesthesia. MPs purification was then performed as described below.
Thromboembolic stroke model
We performed in situ thromboembolic occlusion in anesthetized mice (2% isoflurane in a mixture of O2/N2O 33%/67% with a rectal temperature maintained at 37°C) by intra-arterial injection of thrombin (1 UI/µL, 1 µL, Kordia, Leyden) as previously described [22, 23] .
Magnetic resonance imaging (MRI)
Experiments in mice were carried out on a Pharmascan 7 T/12 cm system using surface coils (Bruker, Germany). T2-weighted images were acquired using a multi-slice-multi-echo sequence: echo-time (TE)/ repetition-time (TR) 51 ms/2500 ms with 70 × 70 × 500 µm3 spatial resolution. Magnetic resonance angiographies (MRA) were performed using a 2D-TOF sequence (TE/TR 10/50 ms). [24] Diffusion weighted imaging (DWI) was performed using a standard spin-echo sequence modified with Stejskal-Tanner diffusion gradient scheme (TR/TE 2500/30ms). [25] Collection and human sample processing Patients admitted to the emergency department of the Vall d'Hebron University Hospital (Barcelona, Spain) with an acute ischemic stroke within the first 4.5 h after symptoms onset were recruited. Stroke diagnosis was performed based on a standardized protocol of clinical and neuroradiological assessments [26] . Before administration of any treatment, peripheral blood samples were drawn from each patient in EDTA collection tubes (Before). All patients received intravenous recombinant tissue-type plasminogen activator (tPA) in a standard 0.9 mg/Kg dose (10% bolus, 90% continuous infusion during 1 h). Plasma samples were recollected at the end of tPA infusion (1h), and at 2, 12 and 24h after thrombolysis. All plasmas were immediately separated by serial centrifugation at 1,500 g for 15 min at +4°C and at 14,000g for 2min to remove any residual platelet. Aliquots were immediately stored at -80°C until use.
Study approval
Animal experiments were approved by the local ethical committee (C-31.555-07, US006 CREFRE (CEEA-122)) and were performed in accordance with the French (Decree 87/848) and the European Communities Council (Directive 86/609) guidelines. For human samples, the local ethical committee (Vall d'Hebron Hospital, Barcelona, Spain) approved the study and written consent was obtained from all patients or relatives in accordance with the Helsinki declaration.
Cell culture
The human monocytic cell line THP-1 (ATCC) was grown in RPMI-1640 medium supplemented with 10% MP-free fetal bovine serum, 4mM glutamine, 0.5mM sodium pyruvate, 0.5% nonessential amino acids, and 1% antibiotics (penicillin, streptomycin). The human microvascular endothelial cell line (HMEC-1) was cultured in DMEM medium (Invitrogen) supplemented with 10% MP-free fetal bovine serum, 2mM glutamine and 1% antibiotics (penicillin, streptomycin). Human Embryonic Kidney (HEK)-293 cells were grown in RPMI-1640 medium supplemented with 10% fetal bovine serum, 2mM glutamine, 0.5mM sodium pyruvate, 0.5% nonessential amino acids, and 1% antibiotics (penicillin, streptomycin). Cells were maintained at 37°C in a humidified atmosphere of 5% CO2.
Construction of human wild-type tPA in the pcDNA5/FRT vector
The human tPA cDNA sequence was amplified by PCR with the following primers: 5′-CCGGGATCCTCTTACCAAGTGATCTGC-3' and 5'-GGCAAGCTTTCACGGTCGCATGTTGTCACG-3′. PCR products were inserted into a pcDNA5/FRT vector (Invitrogen). Final constructs were automatically sequenced.
Bioreactor production of HEK-293 cell cultures and stable transfection with human tPA encoding plasmid.
Stable HEK-293 cells were co-transfected with the tPA-pcDNA5/FRT and pFRT/lacZeo vectors (HEK-FlpIn; Invitrogen) by Lipofectamine 2000. Positive clones were isolated by hygromycin B selection. To produce high amounts and stable transfected HEK-293 cells were grown in a laboratory-scale bioreactor (CELLine AD 1000; Dominique Dutscher SAS, Brumath, France).
In vitro MPs generation
Culture media from stable tPA-HEK-293 and baseline HEK-293 cells (not subjected to transfection, which were used as controls) were collected twice a week. Culture supernatants were then centrifuged at 300g for 5 min and at 12,000g for 5 min to remove detached cells and debris. Supernatants were collected from monocytic THP-1 and endothelial HMEC-1 cell line cultures after 48h stimulation with 100 ng/ml Tumor Necrosis Factor-α (PeproTech, Rocky Hill, NJ), as previously described [12, 14] .
Microparticles isolation
Frozen samples from patients, mice and from cell cultures were thawed and processed. They were then centrifuged at 20,000 g for 90 min at 4°C [12] . Pelleted MPs were washed twice using the same protocol of centrifugation and resuspended in NaCl/Hepes buffer (150 mM NaCl and 10 mM HEPES, pH=7.4).
MPs immobilization, immunolabeling and proteolytic activity assessment
In order to immobilize the MPs, micro-wells (µ-Slides, Ibidi) were first coated overnight with 50 µg/ml recombinant annexin-V (Abcam). Purified MPs, diluted in NaCl/Hepes buffer, were incubated at 37°C during 30 minutes in the presence of carboxyfluorescein succinidimyl ester (CFSE, 0.2 mM, Sigma). This protocol allows labelling virtually all cell-derived MPs (data not shown). Then, MPs diluted in NaCl/Hepes buffer (with or without CaCl2, 10mM) were then seeded in coated micro-wells and were immobilized in the dark at room temperature in the absence of stirring. When appropriate, experiments were also performed and in the presence or in the absence of the calcium chelator EDTA (20mM). Immunofluorescence was performed using a polyclonal sheep antiserum raised against human tPA (1: 5000) prepared at the National institute for agronomic research (INRA, Clermont-Theix, France). MPs proteolytic activity was assessed by adding a plasmin fluorescent substrate (SensoLyte AFC Plasmin Activity Assay Kit *Fluorimetric*, 10 µM, Anaspec) in the presence or in the absence of 2 µM exogenous human plasminogen (Enzyme Research Laboratories). Reaction specificity was confirmed by using aprotinin (plasmin inhibitor, 20 IU/ml) and, when stated, with the addition of active fraction of human PAI-1. When stated, tPA-MPs proteolytic activity was also confirmed using a specific tPA-fluorogenic substrate, (Spectrofluor (Spectrofluor tPA: CH3SO2-D-Phe-GlyArg-AMC.AcOH in Tris/NaCl buffer, pH 8.0), 100 µM, American Diagnostica).
Fibrin-Agar Zymography
The presence/abscence of active tPA on HEK-derived MPs (coming from tPA-transfected and control HEK cells) was detected by direct fibrin autography following sodium dodecylsulphate polyacrylamide gel electrophoresis (SDS-PAGE) performed as previously described [14] . Purified tPA and control MPs (tPA and ctl-MPs, respectively) were subjected to SDS electrophoresis (8% polyacrylamide gels, under non-reducing conditions). SDS was then exchanged with 2.5% Triton X-100. After washing off excess Triton X-100 with distilled water, the gel was carefully overlaid on a 1% agarose gel containing 1 mg/mL bovine fibrinogen, 100 nM plasminogen and 0.2 NIH U/mL of bovine thrombin. Zymograms were allowed to develop at 37°C for 12h and photographed at regular intervals using dark-ground illumination. Active proteins in tPA-MP sample were identified by reference to the migration of known markers (tPA, 0,25nM).
Western blot
Recombinant tPA and MPs samples (tPA-transfected and control, ctrl-MPs coming from HEK supernatants) were resolved for the western blot on 4-12 % Nupage gels (Invitrogen) gels in reduced conditions and transferred onto iBlot, a polyvinylidene difluoride (PVDF) membrane by iBLOT transfer stacks (Invitrogen). Blots were blocked with 5% BSA (bovine serum albumin, Sigma-Aldrich, L'Isle d'Abeau, France) in Tris-buffered saline containing 0.05% Tween-20 and then incubated overnight with the same buffer at 1% BSA with anti-tPA antibody (1/5000), followed by incubation with a peroxidase-conjugated goat anti-sheep secondary antibody (1/50000, sigma) and developed by a Amersham ECL Western blotting detection reagents and analysis system (GE Healthcare, France) using ImageQuant™ LAS 4000 camera (GE healthcare, France).
tPA and plasminogen conjugation to MPIO
Microparticles of iron oxide (MPIO; diameter 1.08 μm) with p-toluenesulphonyl reactive surface groups (Invitrogen) were covalently conjugated to dialysed (against a 0.3M bicarbonate buffer) recombinant tPA (Actilyse) [27] [28] [29] . The tosyl reactive surface allows covalent binding of MPIO to proteins by primary amine (NH2) or sulphydryl (SH) groups [30] . Briefly, dialysed tPA (in order to eliminate amine-containing excipients), purified plasminogen from human plasma (purified using sepharose-lysine columns, as previously described [31] ) or BSA were covalently conjugated to MPIOs in borate buffer (pH 9.5), by incubation at 37 °C for 24 hours. 40 μg of proteins were used for the coating of 1 mg of reactive MPIOs. MPIOs were then washed in phosphate buffered saline (PBS) containing 0.5% bovine serum albumin (BSA) and incubated for 24 hours at 37°C, to block the remaining active groups. MPIOs were rinsed in PBS (0.1% BSA). To disperse MPIO aggregates, a sonication procedure at low intensity was performed one time, immediately after antibody labelling, for 60 seconds. Thereafter, MPIO were stored at 4°C in a PBS buffer under constant agitation to prevent settling and aggregate formation. Immunofluorescence (for tPA and plasminogen) and MPIOs proteolytic activities were performed following the same protocol than the one used for cell-derived MPs.
Laser scanning confocal microscopy
Laser-scanning confocal microscopy (LSCM) was performed using an inverted Leica SP5 confocal microscope (Leica Microsystems SAS) equipped with an Argon Gas laser and a X40 NA=1.4 oil immersion objective. For CFSE detection, excitation was set at 488 nm and emission filters between 500 and 540 nm. For Cy3 detection, excitation was set at 561 nm and emission filters between 575 and 625 nm. For plasmin substrate detection, excitation was set at 405 nm and emission filters between 475 and 525 nm. For tPA substrate detection, excitation was set at 405 nm and emission filters between 425 and 475 nm. Field of view was set at 1 µm x 1 µm with a 1024x1024 planar matrix (pixel size= 97.6 nm x 97.6 nm). Autofluorescence of MPIOs was detected using the CFSE filter settings and increased laser power.
Image analysis
An automated segmentation method was developed with the ImageJ software (v1.45r, NIH). CFSE staining was first used to identify MPs and estimate their number and size using automatic Otsu-thresholding and the integrated "particle analysis" setting. Fluorescence intensity of tPA immunostaining and plasmin substrate was then measured in CFSE positive particles using the "ROI manager" of ImageJ. In particular, the Feret's diameters of the MPs were computed.
Statistics
Results are presented as the mean ± SD. Statistical analyses were performed using Kruskal-Wallis (for multiple comparisons) followed by
Mann-Whitney's U-test. The nonparametric Wilcoxon signed-rank test was used to examine differences in MPs density and MPs content in tPA in stroke patients over time. When comparing two groups, a p-value < 0.05 was considered to be significant.
Results
Isolation and detection of MPs using Laser-Scanning Confocal Microscopy (LSCM).
Among extracellular vesicles, MPs are commonly characterized by their size (100 nm to 1 µm) and the presence of phosphatidylserine (PS) on their surface [8, 32] . We took advantage of the high-affinity binding of PS to annexin-V in the presence of calcium to immobilize MPs on annexin-V coated surface and therefore, prevent Brownian motion (Additional File 2: Movie S1). First, MPs from THP-1 cells were purified by sequential ultra-centrifugation as previously reported (Additional File 1: Figure S1 ) [33, 34] . To allow their visualisation using fluorescent microscopy, we used a fixable-cell-permeant, fluorescein-based tracer (carboxyfluorescein succinidimyl ester, CFSE). After cleavage by intravesicular esterases, CFSE bind to proteins via amine labelling, ensuring long-term and homogeneous dye retention inside MPs with minimal background fluorescence. Then, CFSE-labelled MPs were immobilized on annexin-V coated micro-wells and detected on high-resolution LSCM images using an automated analysis procedure in ImageJ (Figure 1 ).
Time-lapse imaging revealed that >95% of MPs bind to the annexin-V surface in the first 25 minutes of incubation ( Figure 2 and Additional File 3: Movie S2). All LSCM acquisitions were thus performed after 30 minutes incubation in the micro-wells. Importantly, the number of detected MPs dramatically dropped (~10-fold) when binding was performed in the absence of calcium ( Figure 3A and B) , confirming that the binding to the micro-wells surface was dependent on annexin-V interaction with PS. Chelation of calcium using EDTA did not further reduce unspecific binding (Additional File 1: Figure S2 ), suggesting that the low binding-rate in the absence of added calcium is annexin-V Step 1-annexin-V coating of the micro-wells.
Step 2-PS+-MPs (CFSE+) immobilization on the coated surface in the presence of Ca 2+ thanks to the high affinity binding of PS present to annexin-V.
Step 3-Immobilized MPs characterization: 3A. Morphological MPs characterization, including number and size distribution. 3B. Immunofluorescence analyses, using specific primary (against proteins present on the MP surface) and secondary-labeled antibodies. 3C. Proteolytic activity studies (nano-zymography), after addition of specific fluorogenic substrates. PS=Phosphatidylserine. LSCM=laser scanning Confocal Microscopy.
independent. Importantly, there was a linear relationship between the number of surface-immobilized MPs and their concentration that reached saturation only at very high concentrations, supporting the ability of the present method to provide semi-quantitative results ( Figure 3A and B) .
Using an automated segmentation method in ImageJ, we measured the apparent size of THP-1 derived MPs immobilized on the annexin-V coated micro-wells. 95% of the apparent MP diameters ranged from 100-200 nm to 1.2 µm with a median size of 452 nm, which is similar to previously reported MP sizes [35] and confirms the ability of the present method to detect both small and large MPs ( Figure 3C ). The few detected MPs with apparent diameter >1 µm may correspond to aggregates of smaller MPs. After addition of a detergent (Triton X-100) to the micro-wells, the number of detected MPs dramatically dropped ( Figure 3D ), confirming the lipid nature of the MPs. Altogether, these data demonstrated that annexin-V coated micro-wells allow immobilization of PS + MPs and subsequent morphological characterization using LSCM.
It is interesting to note that some fluorescently labelled vesicles interacted with the annexin-V coated surface but were not able to bind (Additional File 1: Figure S3 ), suggesting that they did not express PS (or in insufficiently high amount). We performed a time-lapse using fast LSCM imaging, in order to detect these transient events and therefore, to be able to calculate the number of binding versus non-binding vesicles (representing the number of PS high versus PS low vesicles) using murine plasma samples. In these conditions, about two-third of extracellular vesicles were not able to bind annexin-V (contact without binding), supporting recent studies claiming that most extracellular vesicles in the plasma do not expose PS on their surfaces [36] . In the following experiments, only the vesicles bound to the annexin-V coated micro-wells corresponding to PS + MPs were analysed. 
Detection of MPs antigens using immunolabelling and LSCM.
In addition to morphological characterization of immobilized MPs, LSCM imaging offers an opportunity for specific detection of MPs antigens by fluorescent immunolabeling. However, suitable primary antibodies selection and optimisation of binding conditions remain challenging, since there is no well-characterized MPs population to be used as positive control for most proteins. We therefore developed an assay based on the binding of a known recombinant protein on the surface of synthetic 1-µm-sized particles (micro-sized particles of iron oxide, MPIO) that can be magnetically immobilized in the micro-wells and detected with LSCM ( Figure  4A ) [37] . We performed this method to validate the feasibility of detecting human recombinant tPA on the surface of MPs. Bovine serum albumin (BSA, used as a control for tPA with approximately the same molecular mass of ~70 KDa) and tPA-bearing MPIOs (MPIO-tPA) were synthetized and labelled using a primary anti-tPA antibody, followed by a secondary Cy3-labelled Fab'2. Thereafter, MPIO-BSA and MPIO-tPA were imaged using high-resolution LSCM and the generated images were analysed using an automated macro in ImageJ. As shown on Figure 4 , no significant binding of anti-tPA antibody was detected on MPIO-BSA ( Figure 4B and C) , whereas binding was detectable on MPIO-tPA ( Figure 4D and E), allowing the differentiation of MPIO-tPA and MPIO-BSA in the same sample using LSCM and automated analysis ( Figure 4F and G) . These results supported the use of this anti-tPA antibody for the detection of human tPA on the surface of cell-derived MPs.
Thereafter, we wanted to perform anti-tPA immunofluorescence labelling on cell-derived MPs presenting human tPA on their surface (tPA-MPs). In order to obtain these engineered tPA-MPs, we transfected human epithelial kidney cells (HEK-293) with a human tPA encoding plasmid containing the entire tPA cDNA sequence (Figure 5A-D) . We used the HEK Flp-In® system for generating HEK-293 cells with constitutive and stable expression of human tPA. Moreover, to produce high yields of these MPs, stable transfected HEK-293 cells were grown in a laboratory-scale bioreactor and MPs were purified from the supernatants ( Figure 5E ). We confirmed that these MPs harboured active tPA by immunoblot and zymography ( Figure 5F and G). Therefore, this protocol allowed us to produce large amounts of proteolytically active tPA-MPs for further studies.
We immobilized these tPA-MPs on annexin-V coated micro-wells and performed high resolution LSCM with or without anti-tPA primary antibodies (no detergent was added to preserve MP membrane integrity and prevent antibody to reach intravesicular antigens). As shown on Figure 5H , we were able to detect tPA at the surface of these MPs using anti-tPA antibodies and fluorescently labelled secondary antibodies (1° and 2° AB). Using this method, 65.6% of the purified MPs from tPA-transfected HEK-293 cells appeared tPA+ ( Figure 5I ). Nano-zymography by LSCM allows the detection of specific surface proteolytic activities of individual MPs.
The recent descriptions of the presence of proteases at the surface of MPs (such as tPA, uPA, ADAM17, APC…) suggest that MPs can disseminate the proteolytic activity of the parent cells. Therefore, in addition to the detection of protease antigen, measurement of the proteolytic activity of cell-derived MPs may be of diagnostic value. Here, we aimed to reveal the proteolytic activity of our engineered tPA-MPs (Figure 6 ). To reveal their proteolytic activities, we incubated tPA-MPs with plasminogen (Plg) and a plasmin (Pln)-specific fluorogenic substrate and performed LSCM [38] . Whereas in the absence of exogenous plasminogen or in the presence of an inhibitor of plasmin activity (aprotinin) no substrate cleavage occurred, a significant plasmin-related proteolytic activity was detected on the surface of tPA-bearing MPs ( Figure 6A and B) . Using a direct substrate of tPA, we were also able to reveal the presence of active tPA at the surface of the engineered MPs ( Figure 6C and D). This activity was completely inhibited by the addition of plasminogen activator inhibitor-1 (PAI-1), suggesting that plasminogen activators at the surface of MPs are susceptible to inhibition by circulating inhibitors. Since uPA has been described at the surface of circulating MPs, we also generated urokinase (uPA)-bearing MPs. To this aim, we purified MPs from HMEC-1 cells that are known to present uPA-receptor on their surface (Additional File 1: Figure S4) [12] . After a short incubation with sc-uPA, the MPs were washed to remove unbound uPA, as previously described [12] . The proteolytic activity of uPA-bearing MPs was detected using nano-zymography after addition of a plasmin specific fluorogenic substrate in the presence of plasminogen. Again, this proteolytic activity was inhibited by the addition of PAI-1, confirming the susceptibility of plasminogen activator-bearing MPs to inhibition by circulating inhibitors. These in vitro data demonstrated the feasibility of visualizing proteolytic activities of individual MPs from different sources using nano-zymography by LSCM.
It should however be acknowledged that sufficient membrane retention of the cleaved fluorogenic substrate appears mandatory for efficient nano-zymography. Indeed, the proteolytic activity of synthetic MPIO harbouring active plasmin cannot be detected in situ using LSCM ( Figure 7A ). When MPIO-Plasmin (MPIO-Pln, generated by activation of MPIO coated with plasminogen by uPA, Figure 7A -C) were incubated with the fluorogenic plasmin substrate, the fluorescence appeared diffuse and not localized on the MPIO surface ( Figure 7D and E) . This is probably related to the free diffusion of the fluores-cent dye that is not as efficiently retained by the MPIOs than by naturally-occurring cell-derived MPs ( Figure 7F and G).
LSCM of immobilized MPs allows the detection of circulating tPA-bearing MPs in ischemic stroke mice
In order to investigate the feasibility of detecting endogenous proteolytic MPs using nano-zymography, we obtained plasma samples from two pathological conditions where fibrinolytic MPs could be generated. First, in mice with LPS-induced systemic inflammation (an experimental model for sepsis), and second in mice after thromboembolic stroke with or without thrombolytic treatment. MPs were purified by ultracentrifugation, fluorescently labelled using CFSE, immobilized on annexin-V coated micro-wells and detected by high resolution LSCM.
In mice (Figure 8A ), the number of detected MPs increased by ~300% after LPS treatment as compared to control saline-treated mice ( Figure 8B and C) . Interestingly, these LPS-induced MPs were also larger ( Figure 8D ) and their sizes were more heterogeneous than MPs from control mice ( Figure 8E ). These results demonstrated that the developed method of MPs imaging is able to detect MPs from murine plasma and characterize their morphology. However, we failed to detect any plasmin-dependent proteolytic activity of the purified MPs in either control or LPS-treated mice, as compared to a positive control (HEK293 tPA-MPs) ( Figure 8F and G) . Then, we induced stroke in mice by in situ intra-arterial injection of thrombin, which leads to the formation of an intracranial thrombus ( Figure 9A ) leading to a superficial ischemic stroke in the middle cerebral artery territory, as it occurs frequently in humans. Twenty-minutes after ischemic onset, the mice received an infusion of either saline or recombinant tPA. We performed MRI 1 hour after stroke onset, to ensure the success of the procedure, and start blood sampling ( Figure 9B ). As shown in Figure 9C , stroke mice presented an occlusion of the right middle cerebral artery, leading to an acute ischemic stroke (visible on diffusion weighted images but not on T2-weighted imaging, corresponding to the actual clinical definition of acute ischemic stroke). We purified the circulating MPs from the blood (30 minutes after the end of thrombolysis) and measured their concentrations and their sizes in three different experimental groups: control mice, stroke mice and stroke mice that received thrombolytic therapy. As shown on Figure 9D -F, stroke mice presented higher MP levels in their blood than control mice. When stroke mice received tPA, this concentration was even higher. To investigate whether the generated MPs displayed tPA on their surface, we performed immunolabeling coupled to LSCM to measure the con-centration of tPA-MPs in the different experimental groups. We found that, tPA administration in ischemic stroke mice leads to the formation of tPA-MPs ( Figure 9G-H) , that can be readily identified on LSCM images.
Altogether, these additional experiments demonstrate that, in a murine model of acute ischemic stroke, tPA administration leads to the formation of tPA-MPs. Interestingly, these tPA-MPs were still present in the blood 30 minutes after the end of the thrombolytic treatment, whereas the plasmatic half-life of tPA is <5 minutes in mice (we previously demonstrated that there is no detectable plasmatic tPA activity 30 minutes after tPA administration in the same mouse strain [39] ). This suggests that the tPA binding to the surface of MPs allows to prolong its plasmatic half-life. 
LSCM of immobilized MPs allows the detection of circulating fibrinolytic MPs in ischemic stroke patient
Given our results in the ischemic stroke model, we wanted to study by LSCM the circulating MPs from ischemic stroke patients who received thrombolytic treatment (intravenous injection of recombinant human tPA). Therefore, MPs were purified at different time-points post-stroke onset and analysed using LSCM. In this ischemic stroke patient cohort ( Figure 10A ), CFSE-labelled MPs imaging first revealed that the plasmatic concentration of MPs peaks at 1-2 hours after the start of thrombolytic treatment ( Figure 10B and C) . Immunofluorescence of tPA antigen on immobilized MPs revealed that a few number of tPA-MPs were present in the plasma of ischemic stroke patients before thrombolytic treatment ( Figures 10B and C) . Moreover, we observed an increase in the number of tPA-MPs after thrombolytic treatment which represented up to 60% of the total number of MPs at 2 hours ( Figure 10D ). Interestingly, these MPs were still present 1 hour after the end of tPA infusion (+2 h time point) when there is virtually no more exogenous tPA in the plasma (the half-life of tPA in the plasma in humans is <5 min). Nano-zymography revealed that these MPs are able to generate detectable amount of plasmin in situ (Figure 10E and F) . This result was confirmed in a fibrin-agar zymography assay showing that the tPA contents of MPs from stroke patients is able to induce fibrin degradation (Additional File 1: Figure S5) .
Altogether, these results in mice and humans illustrate the potential of LSCM imaging of immobilized MPs for experimental and clinical studies aiming at detecting and characterizing cell-derived MPs, especially regarding their fibrinolytic potential. 
Discussion
In the present study, we developed an original method allowing imaging of cell-derived MPs at high resolution after immobilization on annexin-V coated micro-wells using LSCM. After trapping of MPs on the coated surface, we demonstrated that further characterizations such as antigen detection by fluorescent immunolabeling and measurement of proteolytic activity using fluorescent reporters are possible ( Figure 11 ). Using this method, we were able, for the first time to our knowledge, to identify fibrinolytic MPs in ischemic stroke patients, therefore unveiling tPA-MPs as potential fibrinolytic players in acute ischemic stroke.
Among the available methods to detect MPs, high-resolution LSCM on immobilized MPs present several advantages. First, it allows direct visualisation and rapid assessment of the morphology and number of the immobilized MPs. Second, sample processing is fast and straightforward to perform and imaging requires only small sample volumes (MPs from 20 µL of plasma were used in Figures 7 and 8 ). This last characteristic could be of particular interest when analysing small volume samples, such as cerebrospinal fluid. Moreover, the present method can benefit from the recent advances in optical imaging including nanoscopy (such as stimulated emission depletion microscopy, STED) [40] , brighter imaging probes (such as quantum dots) and combination of both [41] . These improvements could theoretically allow detecting even smaller vesicles (resolution limit ~50 nm) with lower antigen density (single molecule imaging on MPs could be achieved using quantum dots).
The ability to detect proteolytic activity of individual MPs is also unique to the present method. Since we demonstrated that proteases present at the surface of MPs can be inhibited by circulating inhibi-tors, the ability to measure activity rather than concentration provide unique information about their potential biological effects. Moreover, multiplexed fluorescent LSCM could allow, on a single MP, to simultaneously characterize proteolytic activity and antigen exposure. This may prove especially useful to study membrane anchored proteases such as ADAM10, ADAM17 or membrane-type MMPs that are present on extracellular vesicles [42] [43] [44] . In fact, the described method can be adapted to virtually all proteases for which specific fluorogenic substrates can be developed [45] , provided there is sufficient retention of the cleaved substrate by MPs. Among the methods that could be used to increase the sensitivity of the nano-zymography assay [46] , we believe that optimisation of the fluorogenic substrate and longer incubation times will be the most efficient. In particular, the use of amplification procedures, such as polymer-based fluorochrome [47] , the use of aptamer exonuclease protection and exonuclease III (Exo III)-assisted recycling amplification-responsive cascade ZnPPIX/G-quadruplex supramolecular fluorescent labels [48] or carbon nanotube-enhanced polarization of fluorescent peptides [49] , may be of great value to detect MP-associated proteases.
Among the limits of this method, two appears particularly important: first, the size of the detected particles is limited by the resolution of confocal microscopy (~200 nm). The use of super-resolution microscopy (such as STED or STORM) could solve this issue [40] . Second, only PS positive extracellular vesicles can be isolated using annexin-V coating [36] . One possibility is the use of duramycin as an immobilizing agent, which is able to bind phosphatidylethanolamine (PE), another phospholipid which is externalized on MPs membrane [50, 51] . Interestingly, there is a mismatch in the populations that present PS and PE on their surface, therefore, to further increase the percentage of immobilized MPs, a double coating using both annexin V and duramycin could be used. On the other hand, the ability to select the subpopulation of MPs that will be immobilized could be interesting for diagnostic purposes: for instance, coating with anti-T cell antibodies (such as anti-CD3) could be used as a mean to investigate membrane markers specifically on these cells, without requiring co-labelling with multiple secondary antibodies. Comparison of the morphological results obtained with the LSCM after CFSE staining to the results obtained by more classical methods (such as MP-optimized flow-cytometry) remains also to be performed.
The results obtained in the LPS model show that after systemic inflammation there is an increased number of immobilized MPs on the Annexin-V coated surface. Therefore, there are two main possible explanations: either the actual concentration of MPs in the blood samples does not change, but there is a higher annexin-V exposure on their surfaces. Or, the actual number of MPs increases. As previously reported, LPS induces the release of PS+ MPs from leucocytes [52] and endothelial cells [53] , two important sources of circulating MPs in vivo. Moreover, LPS treated mice have increased thrombin activation, leading to platelet activation, thereby inducing the release of platelet-derived PS+ MPs [54] . Altogether, these results suggest that after LPS administration, both the number of MPs and the fraction that presents PS on their surface are increased.
We mainly focused our study on fibrinolytic MPs that we and other recently described in vitro and in humans [10, 12, 14] . In the present study, we demonstrated in particular that the number of fibrinolytic MPs significantly increases after tPA-administration in ischemic stroke patients. This adds to the numerous roles of tPA that have been described in acute ischemic stroke. [55] A similar phenomenon has been described for APC since recombinant APC treatment in patients with sepsis significantly increases circulating APC-MPs [15, 16, 56] . Regarding tPA-MPs, the most likely explanation is that recombinant tPA administration induces MPs release that are themselves able to bind tPA, thereby leading to the formation of new tPA-MPs. Interestingly, this mechanism seems to prolong tPA plasmatic half-life, since significant amounts of tPA were still detectable at the surface of MPs one hour after the end of thrombolysis despite a plasmatic half-life for tPA in humans of 5 minutes. The fibrinolytic activity of these tPA-MPs may be clinically relevant since exogenous tPA administration saturates inhibition systems (such as PAI-1, Protease Nexin-1, alpha2-macroglobulin) Figure 11 . Schematic representation of the main methods that can be used after MPs binding to the micro-wells.
thus potentially enhancing the tPA activity on the surface of MPs [57] . Although we demonstrated that the proteolytic activity tPA-and uPA-MPs can be inhibited by PAI-1, it remains to be investigated whether the binding of plasminogen activators to a MP surface provides a relative protection to serpins compared to their soluble counterparts. Further studies will be needed to understand how tPA administration generates MPs, what is the receptor mediating the binding of tPA to MPs and what are the roles of these fibrinolytic MPs [58] [59] [60] . Moreover, precise quantitative measurement of tPA activity on the surface of MPs could be of diagnostic value. We are currently planning to investigate whether the number and activity of tPA-MPs before, during and after thrombolysis are associated with stroke outcome (including the risk of haemorrhagic transformation).
The presence of circulating tPA+ MPs in stroke patients before thrombolysis should be further confirmed, using confocal microscopy by comparing the tPA content of MPs from stroke patients to MPs from control patients, free of stroke. If confirmed, it would suggest that these patients present an underlying chronic pathological process leading to the formation of fibrinolytic MPs. Because we previously demonstrated that the majority of tPA+ MPs in the plasma comes from endothelial cells (and uPA+ MPs from leucocytes), the main hypothesis is that chronically activated endothelial cells generate MPs that bear tPA on their surface. However, this remains to be definitively proven by MPs subgroup analysis and further case-control studies. Moreover, later time-points after stroke onset could be of interest, especially to evaluate the contribution of post-stroke neuroinflammation to the generation of circulating MPs.
Overall, the present method allows to functionally characterize cell-derived MPs, especially in terms of antigen exposure and proteolytic activity (nano-zymography). Since a growing body of evidence suggests that proteolytic MPs play a role in numerous biological processes, the new information provided by nano-zymography over classical methods of MPs characterization may be of high diagnostic and prognostic value.
